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An ichnoassemblage of 10 ichnospecies is described for the first time from the Late Silurian Melbourne Formation at
Studley Park, Victoria, southeastern Australia. The ichnofauna is preserved in a typical deep-water turbidite
succession of alternating thin- to thick-bedded sandstone and thin- to medium-bedded mudrocks. Trace fossils
observed within the study site have been assigned to three main ichnofacies. Ichnofacies 1 is best developed on the
linguoid-rippled upper surface of thin sandstone beds and includes Laevicyclus, Aulichnites, Nereites, Helminthoi-
dichnites, small Chondrites and possible Zoophycos. Ichnofacies 2 is very similar to Ichnofacies 1 in ichnospecies
composition but instead contains large forms of Chondrites together with other thin burrow types usually poorly
preserved and in very low abundance compared with Ichnofacies 1. Ichnofacies 3 is preserved mainly as casts on the
underside of medium- to thick-bedded turbiditic sandstones, and has a very low diversity, with Planolites being the
most common trace. A detailed analysis of the ichnofabrics and tiering structures of these ichnofacies suggest that
Ichnofacies 1 and 3 represent ‘simple tiering’, in contrast to Ichnofacies 2, which is more characteristic of ‘complex
tiering’. Despite the differences in ichnospecies composition and ichnofabrics between the three recognized
ichnofacies, the collective ichnoassemblage from the study site can be assigned confidently to the Nereites ichnofacies
and is, therefore, interpreted to have formed in a distal submarine fan environment of lower bathyal to abyssal depth.
Further, it is possible to recognize two main subenvironments within this deep-sea setting to account for the
differences between the ichnofacies. Ichnofacies 1 and 2 are interpreted to represent a typical Nereites ichnofacies
located on a level basin floor subenvironment of relatively low energy conditions at the distal end of a submarine fan
deposit. In comparison, Ichnofacies 3 is dominated by Planolites with rare other facies-crossing trace fossil forms,
and lacks Nereites. It is, therefore, best interpreted as representing a relatively high-energy environment, possibly a
distributary channel near the distal end of the submarine fan system.
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STUDLEY PARK is located in Kew,
around 4 km northeast of the Melbourne
Central Business District on the Yarra
River, Victoria, southeastern Australia
(Fig. 1D, E). Owing to their close proximity
toMelbourne, rock outcrops at this site have
been examined extensively since the 1850s
(Gregory 1903, Langford 1916, Hauser
1923, Hills 1941, Hills & Thomas 1954, Bell
1967). However, most detailed work has
focussed on the invertebrate palaeontology,
especially graptolites (Chapman 1914, Jones
1927, Garratt 1983a, b), and deformation
of the Silurian rocks (e.g. Hauser 1923,
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Nicholls 1930, Hills 1941). Numerous sedi-
mentological studies have also been pub-
lished (e.g. Vandenberg & Schlieger 1972,
Garratt 1983a, b, Vandenberg 1988, 2003),
but they generally lack detailed documenta-
tion of abrupt lateral facies changes within
Fig. 1. A, Index map showing the location of the study area in Victoria; B, map showing the distribution of lower
Palaeozoic turbidite strata in the Lachan Fold Belt in southeastern Australia, including the Melbourne Trough in
central Victoria, in which the study area is located (note that turbidites are also present in smaller outcrops not able
to be shown on a map of this scale; modified from Vandenberg et al. 2000); C, palaeogeographic sketch map of
southeastern Australia during the Silurian [note the location of Studley Park within the Melbourne Trough; modified
fromWebb in Cochrane et al. (1991) and Birch (1994)]; D, geological map of the study area (simplified fromWebb in
Cochrane et al. 1991); E, detailed location map of the study area at Studley Park [note the locations of the three
measured sections; simplified from Webb in Cochrane et al. (1991)].
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the park, hindering accurate palaeoenviron-
mental interpretation of the deposits.
The first collection of trace fossils from
the Melbourne area (including Studley
Park) was noted by Chapman (1910);
however, at the time of collection these
were interpreted as body fossils. It was not
until the late 1990s that these were correctly
identified as the trace fossil Zoophycos by
Thomas & Smith (1998). In the same year,
an unpublished undergraduate Honours
study by Grassy (1998) provided the first
detailed report of trace fossils from the site,
identifying the following ichnotaxa: Chon-
drites, Planolites, Laevicyclus, Gordia, Sca-
larituba and Neonereites. In the same report,
Grassy also noted and briefly commented
on the associations between certain trace
fossils and sedimentary structures, and the
significance of these associations for pa-
laeoenvironmental reconstruction of the
site. More recently, also in an unpublished
Honours thesis, Potter (2004) reported and
illustrated several trace fossils from Studley
Park, but none was described.
This paper aims to provide the first
detailed systematic descriptions of the trace
fossils from Studley Park, and to utilize
their distribution for palaeoenvironmental
reconstruction. The ichnological data will
provide important information for a broad-
er palaeoenvironmental interpretation of
the sedimentary system in the Melbourne
Trough within the Lachlan Fold Belt system
during the Late Silurian.
Regional geological setting and
stratigraphy
The study area is located within the
Melbourne Zone (Melbourne Trough) of
the Victorian Lachlan Fold Belt (Fig. 1B).
The Melbourne Formation at Studley Park
forms an integral part of the lower Palaeo-
zoic (Ordovician to Devonian) turbidite
rocks that are distributed extensively across
the Lachlan Fold Belt in southeastern
Australia (Fig. 1B). During the Late
Silurian, the study area is likely to have
been situated on the western side of the
Melbourne Trough, an elongate deepwater
marine basin confined between the
Benambran Highlands to the west and the
Wagga-Omeo Metamorphic Complex to
the east (Fig. 1C).
Within Studley Park, the Silurian strata
are discontinuous due to faulting, regolith
and vegetation cover, and deposits of
Holocene alluvium from the meandering
of the main Yarra River channel (Fig. 1D).
The Silurian strata are composed mostly
of fine-grained sandstone and siltstone,
rhythmically interbedded with mudrocks
(Fig. 2). The succession as a whole is
generally considered to be typical of the
Melbourne Formation underlying much of
the Melbourne district (Vandenberg 1988,
2003). At the study site, the Melbourne
Formation is concealed to the west and
north of the Yarra River by the thick
basalt flows of the Newer Volcanics and,
locally, by the semi- or unconsolidated
sediments of the Neogene Brighton Group
(Fig. 1D). The Silurian strata at Studley
Park have been dated as early Ludlow
(Late Silurian) in age based on graptolite
faunas derived from some of the mudstone
and siltstone beds in the sequence (Jones
1927, Chapman & Thomas 1935, Hills
1941, Vandenberg 2003).
Abrupt lateral facies changes occur
within the Melbourne Formation at Studley
Park, accompanied by some variations in
trace fossil assemblages (Table 1). There-
fore, we have chosen to measure three
detailed and representative stratigraphic
sections at three different locations within
the study area in order to evaluate the
variation in lithofacies and trace fossil
assemblages (Fig. 1E). These three sections
include one from the Dights Falls cliff, one
along the Yarra Boulevard walking track,
and a third section at the abandoned quarry
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p
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b
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b
to
T
a
b
c
B
o
u
m
a
se
q
u
en
ce
s)
a
re
co
m
m
o
n
in
th
es
e
sa
n
d
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at
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b
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b
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ra
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b
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b
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b
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d
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d
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d
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n
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b
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d
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d
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ra
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b
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h
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m
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ra
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b
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b
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b
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p
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b
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p
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b
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b
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n
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d
ri
te
s
a
n
d
H
el
m
in
th
o
id
ic
h
n
it
es
h
a
v
e
a
ls
o
b
ee
n
o
b
se
rv
ed
in
th
is
fa
ci
es
a
ss
o
ci
a
ti
o
n
.
D
o
m
in
a
n
ce
o
f
fi
n
e-
gr
ai
n
ed
se
d
im
en
t
a
n
d
a
b
u
n
d
a
n
ce
o
f
T
cd
e
B
o
u
m
a
u
n
it
s
su
g
g
es
ta
lo
w
en
er
g
y
d
ee
p
-w
a
te
r
en
v
ir
o
n
m
en
t.
T
h
is
w
o
u
ld
ex
p
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p
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w
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b
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d
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d
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ra
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d
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b
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ed
.T
h
er
e
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p
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sl
o
p
e
g
ra
d
ie
n
t.
L
o
w
a
b
u
n
d
a
n
ce
o
f
P
la
n
o
li
te
s
m
a
y
re
fl
ec
t
p
o
o
r
b
ed
d
in
g
p
la
n
e
ex
p
o
su
re
ra
th
er
th
a
n
lo
w
o
cc
u
rr
en
ce
o
f
th
is
ty
p
e
o
f
b
io
tu
rb
a
ti
o
n
in
th
e
o
ri
gi
n
a
l
d
ep
o
si
ti
o
n
a
l
en
v
ir
o
n
m
en
t.
F
a
ci
es
A
ss
o
ci
a
ti
o
n
8
(F
A
8
):
T
h
in
-b
ed
d
ed
m
u
d
st
o
n
e
in
te
rb
ed
d
ed
w
it
h
m
in
o
r
sa
n
d
st
o
n
e,
fi
n
in
g
u
p
w
a
rd
.
T
h
is
is
a
p
re
d
o
m
in
a
n
tl
y
m
u
d
ro
ck
fa
ci
es
,
b
u
t
in
te
rb
ed
d
ed
w
it
h
d
o
m
in
a
n
tl
y
p
la
n
e-
la
m
in
a
te
d
,
th
in
-b
ed
d
ed
sa
n
d
st
o
n
es
th
a
t
b
ec
o
m
e
m
o
re
cr
o
ss
-b
ed
d
ed
la
te
ra
ll
y
.
T
h
e
m
u
d
ro
ck
u
n
it
s
a
re
w
el
l-
la
m
in
a
te
d
a
n
d
co
m
m
o
n
ly
d
is
p
la
y
n
o
rm
a
l
g
ra
d
in
g
w
it
h
th
ic
k
er
,
fi
n
er
-g
ra
in
ed
in
te
rv
a
ls
a
t
th
ei
r
to
p
s.
O
ve
ra
ll
,
F
A
8
re
p
re
se
n
ts
a
fi
n
in
g
-u
p
w
a
rd
se
q
u
en
ce
o
f
b
ed
s
w
it
h
m
u
d
la
y
er
s
th
ic
k
en
in
g
a
n
d
sa
n
d
st
o
n
e
in
te
rv
a
ls
b
ec
o
m
in
g
m
o
re
in
si
g
n
ifi
ca
n
t
u
p
w
a
rd
.
Ic
h
n
o
fa
ci
es
3
:
S
p
a
rs
e
P
la
no
lt
ie
s
o
n
ly
p
re
se
rv
ed
o
n
th
e
so
le
s
o
f
so
m
e
sa
n
d
st
o
n
es
;
li
tt
le
si
g
n
o
f
b
io
tu
rb
a
ti
o
n
in
th
e
m
u
d
st
o
n
e.
O
v
er
a
ll
F
A
8
in
d
ic
a
te
s
p
er
io
d
s
o
f
lo
w
-e
n
er
g
y
,
lo
w
d
en
si
ty
fl
o
w
s,
w
it
h
fl
o
w
fr
eq
u
en
cy
d
ec
re
a
si
n
g
o
v
er
ti
m
e.
F
lo
w
en
er
gy
a
p
p
ea
rs
to
d
ec
re
a
se
la
te
ra
ll
y
,
su
g
g
es
ti
n
g
d
ep
o
si
ti
o
n
o
f
th
e
fa
ci
es
a
t
th
e
o
u
te
r
ed
g
e
o
f
sl
ig
h
tl
y
h
ig
h
er
en
er
g
y
,h
ig
h
er
d
en
si
ty
fl
o
w
s.
L
o
w
a
b
u
n
d
a
n
ce
o
f
P
la
n
o
li
te
s
m
a
y
b
e
th
e
re
su
lt
o
f
p
o
o
r
se
d
im
en
t
o
x
y
g
en
a
ti
o
n
a
n
d
d
ev
el
o
p
m
en
t
o
f
a
n
o
x
ic
co
n
d
it
io
n
s
in
a
d
ee
p
er
-w
a
te
r
en
v
ir
o
n
m
en
t.
T
h
is
m
a
y
b
e
d
u
e
to
sl
o
w
se
d
im
en
t
a
cc
u
m
u
la
ti
o
n
ra
te
a
n
d
lo
w
en
er
g
y
.
F
a
ci
es
A
ss
o
ci
a
ti
o
n
9
(F
A
9
):
V
er
ti
ca
ll
y
ex
te
n
si
ve
in
te
rv
a
ls
o
f
th
in
-b
ed
d
ed
a
n
d
fi
n
e-
gr
a
in
ed
sa
n
d
st
o
n
e
in
te
rb
ed
d
ed
w
it
h
si
lt
y
m
u
d
st
o
n
e.
F
A
9
co
n
si
st
s
o
f
th
in
,
fi
n
e-
gr
ai
n
ed
,
p
la
n
a
r-
la
m
in
a
te
d
sa
n
d
st
o
n
e
g
ra
d
in
g
ra
p
id
ly
u
p
w
ar
d
in
to
si
lt
y
,
ri
p
p
le
cr
o
ss
-b
ed
d
ed
u
n
it
s,
fo
ll
o
w
ed
b
y
th
in
in
te
rv
a
ls
o
f
Ic
h
n
o
fa
ci
es
2
:
T
ra
ce
fo
ss
il
s
a
re
g
en
er
a
ll
y
lo
w
in
d
iv
er
si
ty
a
n
d
a
b
u
n
d
a
n
ce
.
P
la
n
o
li
te
s,
A
u
li
ch
n
it
es
a
n
d
la
rg
e
C
h
o
n
d
ri
te
s
a
re
p
re
se
n
t
in
v
a
ry
in
g
a
b
u
n
d
a
n
ce
F
A
9
is
in
te
rp
re
te
d
to
re
p
re
se
n
t
a
g
ra
d
u
a
l
ch
a
n
g
e
fr
o
m
fr
eq
u
en
t
m
o
d
er
a
te
-
to
h
ig
h
-e
n
er
g
y
lo
w
-d
en
si
ty
fl
o
w
s,
to
le
ss
fr
eq
u
en
tl
o
w
er
-e
n
er
g
y
fl
o
w
s.
T
h
is
(c
o
n
ti
n
u
ed
)
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T
a
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1
.
(C
o
n
ti
n
u
ed
)
F
a
ci
es
a
ss
o
ci
a
ti
o
n
s
C
o
m
m
o
n
li
th
o
lo
g
ie
s
a
n
d
se
d
im
en
ta
ry
st
ru
ct
u
re
s
T
ra
ce
fo
ss
il
s
a
n
d
ic
h
n
o
fa
ci
es
P
a
la
eo
en
vi
ro
n
m
en
ta
l
in
te
rp
re
ta
ti
o
n
g
ra
d
ed
li
g
h
t
co
lo
u
re
d
si
lt
y
to
p
el
a
g
ic
(fi
n
e-
g
ra
in
ed
)
m
u
d
st
o
n
e.
W
h
er
e
th
is
fa
ci
es
a
ss
o
ci
a
ti
o
n
is
ex
p
o
se
d
o
v
er
la
rg
e
in
te
rv
a
ls
(e
.g
.
F
ig
.2
A
),
th
e
li
th
o
lo
g
y
is
o
b
se
rv
ed
to
ch
a
n
g
e
g
ra
d
u
a
ll
y
u
p
w
a
rd
th
ro
u
g
h
se
q
u
en
ce
s
w
it
h
g
ra
d
u
a
l
th
in
n
in
g
o
f
b
ed
s
a
n
d
d
ev
el
o
p
m
en
t
o
f
a
m
o
re
co
n
si
st
en
t
b
ed
th
ic
k
n
es
s
a
n
d
g
eo
m
et
ry
.
S
o
m
e
th
in
,
le
n
ti
cu
la
r
in
te
rv
a
ls
o
f
sh
el
l
co
n
ce
n
tr
at
io
n
s
a
re
p
re
se
n
t
w
it
h
in
th
e
lo
w
er
p
a
rt
s
o
f
so
m
e
o
f
th
e
sa
n
d
st
o
n
e
u
n
it
s
(s
ee
F
ig
.
2
).
L
o
ca
ll
y
,
b
ed
s
sh
o
w
so
m
e
la
te
ra
l
th
in
n
in
g
a
n
d
a
n
in
cr
ea
se
in
th
e
re
la
ti
v
e
th
ic
k
n
es
s
o
f
lo
w
-e
n
er
g
y
B
o
u
m
a
u
n
it
s
a
n
d
m
u
d
p
re
se
rv
a
ti
o
n
;
h
o
w
ev
er
,
th
is
la
te
ra
l
ch
a
n
g
e
is
fa
r
le
ss
ra
p
id
th
a
n
th
a
t
g
en
er
a
ll
y
o
b
se
rv
ed
in
F
A
5
.
W
h
er
e
v
is
ib
le
,
th
e
v
er
ti
ca
l
ex
te
n
t
o
f
th
is
fa
ci
es
a
ss
o
ci
a
ti
o
n
a
p
p
ea
rs
m
u
ch
la
rg
er
,
a
n
d
ch
a
n
g
es
u
p
w
a
rd
th
ro
u
g
h
th
e
se
q
u
en
ce
m
o
re
g
ra
d
u
a
ll
y
,
th
a
n
o
th
er
sa
n
d
y
fa
ci
es
(e
.g
.
F
A
7
a
n
d
F
A
2
).
in
th
e
lo
w
er
b
ed
s
o
f
th
is
fa
ci
es
a
ss
o
ci
a
ti
o
n
,
b
u
t
ra
p
id
ly
d
is
a
p
p
ea
r
u
p
w
ar
d
.
L
it
tl
e
o
r
n
o
fu
ll
re
li
ef
b
io
tu
b
a
ti
o
n
is
ev
id
en
t.
ch
a
n
g
e
re
su
lt
ed
in
a
w
el
l-
o
x
y
g
en
a
te
d
su
b
st
ra
te
lo
w
er
in
th
e
fa
ci
es
a
ss
o
ci
a
ti
o
n
,
le
a
d
in
g
to
th
e
d
ev
el
o
p
m
en
t
o
f
a
re
la
ti
v
el
y
d
iv
er
se
tr
a
ce
fo
ss
il
a
ss
em
b
la
g
e.
H
o
w
ev
er
,
g
ra
d
u
a
ll
y
d
ec
re
a
si
n
g
se
d
im
en
t
o
x
y
g
en
a
ti
o
n
o
v
er
ti
m
e
is
co
n
si
d
er
ed
to
h
a
v
e
le
d
to
th
e
d
is
a
p
p
ea
ra
n
ce
o
f
m
o
st
tr
a
ce
m
a
k
er
s
fr
o
m
th
is
en
v
ir
o
n
m
en
t.
L
es
s
ra
p
id
la
te
ra
l
ch
a
n
g
es
th
a
n
o
b
se
rv
ed
in
o
th
er
b
o
u
n
d
in
g
sa
n
d
y
fa
ci
es
a
ss
o
ci
a
ti
o
n
s,
b
o
th
a
b
o
v
e
a
n
d
b
el
o
w
(F
ig
.
2
A
&
2
B
),
su
g
g
es
ts
le
ss
si
g
n
ifi
ca
n
t
la
te
ra
l
to
p
o
g
ra
p
h
ic
v
a
ri
a
ti
o
n
s
d
u
ri
n
g
th
e
d
ep
o
si
ti
o
n
o
f
th
es
e
b
ed
s.
O
n
th
e
o
th
er
h
a
n
d
,
th
e
g
re
a
t
v
er
ti
ca
l
ex
te
n
t
o
f
th
is
fa
ci
es
a
ss
o
ci
at
io
n
su
g
g
es
ts
th
a
t
th
es
e
en
v
ir
o
n
m
en
ta
l
co
n
d
it
io
n
s
p
er
si
st
ed
fo
r
lo
n
g
er
th
a
n
th
o
se
o
f
o
th
er
b
o
u
n
d
in
g
sa
n
d
y
fa
ci
es
,
b
u
t
n
o
t
a
s
lo
n
g
a
s
th
e
th
in
-b
ed
d
ed
m
u
d
d
y
fa
ci
es
F
A
1
o
r
F
1
0
.F
A
9
is
th
u
s
in
te
rp
re
te
d
to
re
p
re
se
n
t
a
g
ra
d
a
ti
o
n
a
l
en
v
ir
o
n
m
en
t
b
et
w
ee
n
F
A
5
/6
a
n
d
F
A
1
,
a
n
d
h
en
ce
a
g
ra
d
u
a
l
re
tu
rn
to
a
n
en
v
ir
o
n
m
en
t
w
it
h
lo
w
en
er
g
y
,
lo
w
d
en
si
ty
,
a
n
d
m
o
re
sh
ee
t-
li
k
e
fl
o
w
s.
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T
ra
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h
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a
la
eo
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ro
n
m
en
ta
l
in
te
rp
re
ta
ti
o
n
F
a
ci
es
A
ss
o
ci
a
ti
o
n
1
0
(F
A
1
0
):
T
h
in
-b
ed
d
ed
m
u
d
st
o
n
e
w
it
h
v
er
y
m
in
o
r
in
te
rb
ed
d
ed
a
n
d
th
in
-b
ed
d
ed
a
n
d
fi
n
e-
gr
a
in
ed
sa
n
d
st
o
n
e,
b
o
th
sh
o
w
in
g
sh
a
rp
la
te
ra
l
ch
a
n
g
es
in
b
ed
th
ic
k
n
es
s
a
n
d
fa
ci
es
.
F
A
1
0
is
d
iff
er
en
ti
a
te
d
fr
o
m
o
th
er
s
o
f
si
m
il
a
r
li
th
o
lo
g
y
b
y
tr
a
ce
fo
ss
il
a
ss
em
b
la
g
es
a
n
d
sh
a
rp
la
te
ra
l
a
n
d
v
er
ti
ca
l
ch
a
n
g
es
in
d
ep
o
si
ti
o
n
a
l
st
y
le
.
L
a
te
ra
l
ch
a
n
g
es
p
a
ra
ll
el
to
cu
rr
en
t
d
ir
ec
ti
o
n
in
cl
u
d
e
th
in
n
in
g
a
n
d
fi
n
in
g
o
f
sa
n
d
st
o
n
e
a
n
d
si
lt
st
o
n
e
b
ed
s,
a
lt
h
o
u
g
h
m
u
d
st
o
n
e
b
ed
s
g
en
er
a
ll
y
re
m
a
in
co
n
st
a
n
t
in
th
ic
k
n
es
s,
o
r
th
ic
k
en
sl
ig
h
tl
y
.
V
er
ti
ca
l
ch
a
n
g
e
in
cl
u
d
es
a
b
ru
p
t,
la
rg
e
fl
u
ct
u
a
ti
o
n
s
in
fa
ci
es
a
n
d
b
ed
th
ic
k
n
es
s.
T
h
is
in
cl
u
d
es
lo
ca
ll
y
th
ic
k
sa
n
d
st
o
n
e,
th
in
sa
n
d
st
o
n
e
a
n
d
si
lt
y
sa
n
d
st
o
n
e,
in
te
rb
ed
d
ed
w
it
h
co
m
b
in
a
ti
o
n
s
o
f
a
ra
n
g
e
o
f
tu
rb
id
it
ic
m
u
d
ro
ck
s
(F
ig
.
2
C
).
O
ve
ra
ll
,
se
d
im
en
t
in
th
is
fa
ci
es
a
ss
o
ci
at
io
n
sh
o
w
s
a
fi
n
in
g
-u
p
w
a
rd
tr
en
d
.
Ic
h
n
o
fa
ci
es
1
:
T
ra
ce
fo
ss
il
s
a
re
co
m
m
o
n
,
w
it
h
a
h
ig
h
d
iv
er
si
ty
(t
h
e
h
ig
h
es
t
a
m
o
n
g
a
ll
th
e
fa
ci
es
a
ss
o
ci
a
ti
o
n
s)
.
G
en
er
a
id
en
ti
fi
ed
in
cl
u
d
e
A
u
li
ch
n
it
es
,
L
a
ev
ic
y
cl
u
s,
N
er
ei
te
s,
L
o
re
n
zi
n
ia
,
sm
a
ll
C
h
o
n
d
ri
te
s,
H
el
m
in
th
o
id
ic
h
n
it
es
a
n
d
P
la
no
li
te
s.
G
en
er
a
ll
y
,s
u
rf
a
ce
tr
a
ce
s
a
re
a
b
u
n
d
a
n
t
b
u
t
o
v
er
a
ll
b
io
tu
rb
a
ti
o
n
o
f
se
d
im
en
t
is
re
la
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ve
ly
lo
w
.
D
ep
th
o
f
p
en
et
ra
ti
o
n
in
to
m
u
d
d
y
in
te
rv
a
ls
a
p
p
ea
rs
to
d
ep
en
d
o
n
sa
n
d
/m
u
d
ra
ti
o
.
W
h
er
e
m
u
d
ro
ck
s
a
re
th
ic
k
a
n
d
sa
n
d
st
o
n
e
th
in
,
b
io
tu
rb
a
ti
o
n
in
th
e
m
u
d
ro
ck
b
ed
s
ca
n
b
e
u
p
to
2
0
%
a
n
d
ex
te
n
d
u
p
to
2
/3
o
f
th
e
w
a
y
th
ro
u
g
h
th
e
b
ed
.
T
h
e
p
re
d
o
m
in
a
n
tl
y
m
u
d
d
y
fa
ci
es
in
d
ic
a
te
s
lo
n
g
p
er
io
d
s
o
f
d
ep
o
si
ti
o
n
fr
o
m
lo
w
-d
en
si
ty
,
lo
w
-e
n
er
g
y
fl
o
w
s
co
n
ta
in
in
g
m
u
ch
m
u
d
a
n
d
si
lt
.
E
n
er
g
y
a
n
d
d
en
si
ty
v
a
ri
es
g
re
a
tl
y
b
et
w
ee
n
fl
o
w
s,
a
s
in
d
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a
te
d
b
y
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e
v
a
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ed
b
ed
th
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k
n
es
s.
L
a
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ra
l
ch
a
n
g
e
in
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o
w
en
er
g
y
su
g
g
es
ts
so
m
e
to
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o
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ra
p
h
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v
a
ri
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y
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en
v
ir
o
n
m
en
t.
S
m
a
ll
a
m
o
u
n
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o
f
v
a
ri
ab
le
b
io
tu
rb
a
ti
o
n
a
re
li
k
el
y
d
u
e
to
v
a
ri
at
io
n
s
in
fl
o
w
fr
eq
u
en
cy
,
ra
te
o
f
se
d
im
en
t
a
cc
u
m
u
la
ti
o
n
a
n
d
fl
o
w
en
er
g
y
.A
h
ig
h
er
in
ci
d
en
ce
o
f
su
rf
a
ce
tr
a
ce
s
co
rr
el
a
te
s
to
p
er
io
d
s
o
f
h
ig
h
fl
o
w
fr
eq
u
en
cy
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d
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a
te
d
b
y
li
th
o
lo
g
y
.
T
h
es
e
co
n
d
it
io
n
s
w
o
u
ld
p
ro
v
id
e
a
co
n
st
a
n
t
su
p
p
ly
o
f
o
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n
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rb
o
n
a
n
d
m
a
in
ta
in
o
x
y
g
en
a
ti
o
n
a
t
le
a
st
n
ea
r
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e
se
d
im
en
t
su
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a
ce
,
a
ll
o
w
in
g
th
is
ty
p
e
o
f
tr
a
ce
fo
ss
il
a
ss
em
b
la
g
e
to
d
ev
el
o
p
.
T
a
b
le
1
.
S
u
m
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a
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o
f
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e
se
d
im
en
to
lo
g
y
a
n
d
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h
n
o
lo
g
y
o
f
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e
fa
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o
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a
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o
n
s
o
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e
M
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b
o
u
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F
o
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a
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n
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n
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a
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S
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d
le
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P
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site opposite the Johnston Street Bridge (see
Fig. 1E for detailed locations of these
sections). The succession at the Dights Falls
section comprises a grossly coarsening-
upward succession of alternating thick-
bedded sandstone and thin-bedded
mudrocks (Fig. 2A). The sandstone is
dominantly plane-laminated to ripple
cross-laminated with well-developed Bouma
sequences; many sandstone beds display
variable scouring at their bases and lin-
guoid-rippled tops. The mudrock units are
generally laminated and fissile. Both sand-
stone and mudrock units are weathered on
exposed surfaces and show variable coatings
of iron oxide and small-scale quartz vein-
ings. Both plastic and brittle deformation is
evident throughout the section. Trace fossils
are present on the sole surfaces of some
sandstone beds; the assemblages being
dominated by horizontal trails especially
Planolites. Small marine body fossils,
mainly brachiopods and gastropods, occur
sporadically throughout many sandstone
beds, but are particularly abundant within
one conglomerate lens exposed near the
base of the measured Dights Falls section
(see inset figure in Fig. 2A). Bioclasts
enclosed in this conglomerate lens are
mostly fragmentary and lack any preferred
orientation or vertical grading, hence sug-
gesting an allochthonous origin (Potter
2004).
Sandstone beds exposed along the
Yarra Boulevard walking track section
have been mostly tilted to approximately
vertical and strike northwest. The upper-
most part of this section includes beds
exposed in an abandoned sandstone quarry
(Fig. 2B). Overall this section is dominated
by thick-bedded, mainly massive to planar
laminated sandstone with a few inter-
bedded mudrock units. Weathering and
limonite replacement of the surfaces of
these beds has been severe. Linguoid-
rippled upper surfaces are only preserved
on the uppermost thin sandstone bed
exposed at the abandoned sandstone
quarry near the top of the section. On
these rippled sandstone surfaces there are
very rare rhynchonellid brachiopod inter-
nal moulds and several types of trace
fossils, notably including large forms of
Chondrites.
An approximately 45 m section com-
posed predominantly of siltstone and
mudstone is exposed in south-facing cliffs
of an abandoned quarry facing the John-
ston Street Bridge and the Studley Park
Road (Location 3 in Fig. 1E). Here, strata
are also tilted to approximately vertical,
with a similar strike direction to the
Boulevard section. The lithology of this
outcrop contrasts strongly to those of the
other two sections, comprising a fining-
upward sequence of alternating thin,
fine-grained sandstone and siltstone, inter-
bedded with thin to thick mudstone
(Fig. 2C). Thin- to medium-bedded sand-
stone units occur near the base of the
section and show abundant planar lamina-
tion and cross-bedding, together with
linguoid-rippled upper surfaces that com-
monly bear trace fossils. Sand content
decreases sharply upward through the
section, accompanied by a sharp increase
in mud content, which becomes more
homogenous and dominant in the upper
part of the section (Fig. 2C).
Facies associations
Abrupt lateral facies changes are evident
across the study site, as reflected by the
juxtaposition and locally sharp transition of
a large number of lithologies and trace fossil
suites at Studley Park. A detailed field-
based sedimentological investigation of the
Silurian strata in Studley Park was carried
out by Potter (2004), who recognized ten
facies associations (respectively coded as
FA1 through to FA10 in Fig. 2). Key
lithological, sedimentological and ichnolo-
gical (where present) features of these
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associations are summarized in Table 1 and
will not be repeated here.
Occurrence of trace fossils,
ichnofacies and implications
for palaeoenvironmental
reconstruction
Trace fossils occur in many of the major
outcrops studied at Studley Park, although
the quality of their preservation and abun-
dance varies considerably in space depend-
ing on the facies types, quality of rock
exposure, severity of weathering and degree
of bioturbation. Locally, poor exposure and
strong weathering has made the identifica-
tion of some individual trace fossils difficult.
Ichnofacies and tiering
Trace fossils observed within the study site
have been divided into three main ichno-
facies according to their taphonomy, ethol-
ogy, abundance, and their relationships to
the sedimentary features of the beds (e.g.
Wetzel & Uchman 2001, Ludwig et al. 2004;
Fig. 3). Tiering and timing relationships of
the trace fossils in each ichnofacies were
determined using the methodology and
principles developed by Wetzel & Uchman
(2001).
Ichnofacies 1. This ichnofacies occurs in
thin- to medium-bedded and fine-grained
sandstones. It is best developed (with high-
est abundance and diversity) on the lin-
guoid-rippled upper surface of thin
sandstone beds of Facies Association (FA)
10 (see Table 1), though trace fossil types
indicate burrowing in both sand and mud.
Trace fossils represented include Laevicy-
clus, Aulichnites, Nereites, Helminthoidich-
nites, small Chondrites and rare Teichichnus
(Fig. 3A). Zoophycos has also been reported
previously from this site (Grassy 1998) and
nearby areas in Melbourne (Thomas &
Smith 1998), and signs of its presence were
also observed in the present study but could
not be confirmed due to extremely poor
preservation. In any case, Zoophycos, if
confirmed at the study site, would be rather
rare in this ichnofacies. The abundance of
all other traces from this ichnofacies clearly
varies between beds, but all occur in similar
frequency on most surfaces. Sediment pene-
tration is shallow to moderate, most being
developed on or near the surface. Cross-
cutting relations and differences in abun-
dance between beds suggest an order of
colonization as follows: Laevicyclus and
Aulichnites, followed by Nereites and later
Helminthoidichnites, then finally small
Chondrites (Fig. 3A). Traces are thought
to represent mainly simple domichnia (e.g.
Laevicyclus) and pascichnia (e.g. Nereites),
later followed by more systematic fodinich-
nia (e.g. Chondrites). The components and
vertical tiering of this ichnofacies (Fig. 3A)
appear to record the reaction of the
tracemakers to a changing environment
during and in the immediate aftermath of
the turbidite bed deposition. Conditions
favouring an early opportunistic coloniza-
tion of the sediment surface appear to
have lasted long enough for moderately
abundant surface traces (Laevicyclus,
Aulichnites and Nereites) to form (Taylor
et al. 2003). Penetration and ichnospecies
composition of the trace fossil assemblage
suggest moderate energy and an oxygenated
seafloor at this early stage (e.g. Wetzel
1991, Bromley 1996, Taylor et al. 2003).
The disappearance of this initial colonizing
trace fossil assemblage and its replacement
by possible low abundance Zoophycos
and then small Chondrites (interpreted to
have occurred during or after the deposition
of overlying mud, sensu Bromley 1996)
suggests rapidly developing suboxic to
almost anoxic conditions in the sediment
and on the seafloor (cf. Wetzel & Uchman
2001). Development of these traces also
seems to depend on the time interval
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between flows. Low abundance and shallow
penetration of Chondrites in a single turbi-
dite (Fig. 3A) appears to indicate that each
overlying turbidite was deposited before the
deeper tiers had time to develop (e.g. Wetzel
& Uchman 2001). The thickness of deposits
from each flow appears to have been too
great to allow upward movement of trace-
makers. Therefore, complete recolonization
occurred between flow events, resulting in
‘simple tiering’ as defined by Taylor et al.
(2003).
Ichnofacies 2. This ichnofacies occurs in
both sandy and muddy intervals, and is best
developed where bedding is very thin (such
as FA2 and FA9, see Fig. 2 and Table 1). It is
observed mainly in full relief in both
sandstone and associated mudrocks, but is
commonly visible on the sole and top of
sandstone beds. The complete trace fossil
assemblage represented is difficult to identify
due to severe weathering (and even erosion)
of the muddier Td and Te units. This
ichnofacies may be described as having a
‘high bioturbation’ aspect as defined by
Taylor & Goldring (1993). Much of this
bioturbation can be attributed to the pre-
sence of large forms of Chondrites (Fig. 3B),
but also includes a range of other thin
burrow types that are generally poorly
preserved and exposed within mudrocks
(e.g. ?Lorenzinia).Helminthoidichnites is also
present in varying abundance. Sediment
penetration includes both surface trails
(though generally in very low abundance)
and deeper burrowing (large Chondrites).
Ethology is characterized mainly by complex
fodinichnia. Cross-cutting relationships of
traces indicate Helminthoidichnites formed
early in the tiering sequence, most likely after
sand deposition, then followed by large
Chondrites during or after deposition of the
overlying mud (Fig. 3B). Absence of other
surface traces suggests low initial oxygena-
tion on the seafloor and within the sediment
column (likely due to very low energy flows)
and more severe anoxia in sediment devel-
oped soon after (e.g. Fu & Werner 1994,
Wetzel & Uchman 2001, Ludwig et al. 2004).
The abundant and thorough bioturbation by
large Chondrites where bedding is thin
indicates sedimentation rates were low en-
ough for at least deeper tiers to shift
gradually upward maintaining contact with
the sediment surface (Taylor et al. 2003).
This style of relatively deep penetration is
comparable to the ‘complex tiering’ of
Taylor et al. (2003).
Ichnofacies 3. This ichnofacies is developed
mainly in silty mudrock units and in the
uppermost layers of turbiditic sandstone
beds (Td and Te Bouma units) within
medium- to thick-bedded sandy intervals
(mainly in FA4 to FA8, Table 1). Trace
fossils are preserved mainly as casts on the
base of sandstone beds and are best
observed where scouring has occurred but
not all mud has been removed. Traces most
commonly include Planolites (in varying
abundance from sparse to abundant), with
sporadic Laevicyclus and rare Aulichnites
(Fig. 3C). Earliest colonization in this
ichnofacies was by Laevicyclus and Aulich-
nites, but both appear to have only occurred
where the energy was relatively low as
indicated by other sedimentary structures
(e.g. fine-grained sediment associated with
Tb to Tc Bouma units). The absence of
Aulichnites and Laevicyclus higher in the
tiering of this ichnofacies is likely due to a
rapid decrease of energy at the upper
grain-size breaks (i.e. appearance of Td
Bouma unit), when and where Planolites
colonization occurred during and after mud
Fig. 3. Sketches showing the interpreted tiering and key (common) ichnofabric constituents of three different
ichnofacies recognized in the study area.
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deposition (Fig. 3C). All bioturbation traces
in Ichnofacies 3 represent complete re-
colonization between flow events, resulting
in ‘simple tiering’ (terminology of Taylor
et al. 2003; Fig. 3C).
Implications for the interpretation of
depositional environments
Although the Melbourne Formation at
Studley Park has long been described as a
classic turbidite sequence of deep-water
marine origin due to its rhythmic alterna-
tion of sandstone and mudstone together
with the presence of both pelagic fossils
(graptolites) and shallow-water marine
benthos (e.g. brachiopods and gastropods;
Hills & Thomas 1954, Moore 1972, Van-
denberg et al. 1984, Vandenberg 1988,
Rickards & Sandford 1998; Figs 4, 5A), its
detailed depositional setting in relation to
basin bathymetry and fan subenvironments
has not yet been established. The trace
fossil assemblages studied here shed some
light on these palaeoenvironmental aspects.
Although our discussion is primarily based
on Seilacher’s (1967) paradigm of ichnofa-
cies in relation to bathymetry, it should be
noted that factors other than water depth
also have significant influence on the spatial
distribution of ichnotaxa, not the least
of which would include energy of the
Fig. 4. Sketch showing the reconstructed depositional environment of the Melbourne Formation at Studley Park. In
this model, the Melbourne Formation is interpreted to have been deposited at the distal end of a deep-sea submarine
fan system, in which two subenvironments are recognizable by their trace fossil assemblages: one characterized by a
low diversity ichnoassemblage mainly represented by Planolites and a few other facies-crossing trace fossils
(Subenvironment I, within a channel), the other by a relatively high diversity ichnoassemblage of typical deep-sea
Nereites association (Subenvironment II, in an overbank area close to a channel). 1, Planolites tubularis; 2,
Laevicyclus mongraensis; 3, Chondrites intricatus; 4, Helminthopsis isp.; 5, Teichichnus rectus; 6, Nereites biserialis; 7,
?Lorenzinia isp.; 8, Helminthoidichnites hieroglyphica; 9, Aulichnites parkerensis; 10, shallow water brachiopods that
were transported to deep-sea environments periodically by turbidity and other density flows, and buried in the
submarine fan deposit (as in the case of the study site).
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environment, which affects sedimentation
rate, sediment type and texture, seafloor
oxygenation, and preservation of traces
(Bromley 1996, Taylor et al. 2003,
MacEachern et al. 2007, Zhang et al. 2008).
The repetition of Bouma sequences
observed in many of the sandy strata and
the repetition of sequences of fine-grained
turbidite units in muddier intervals suggest
that the Melbourne Formation at Studley
Park was formed in a distal submarine fan
environment of lower bathyal to abyssal
depth (Figs 4, 5A). This interpretation is
consistent with the submarine fan models
proposed by Mutti & Ricci Lucchi (1975),
Mutti & Normark (1987) and Bouma
(2000), and is also supported by the trace
fossil assemblages studied here. Ichnofacies
1 described above is herein interpreted to
represent a Nereites ichnofacies, suggesting
a low- to moderate-energy subenvironment
probably located at the distal end of a
submarine fan deposit on a level basin floor
(Fig. 4). The subenvironment for Ichnofa-
cies 2 is very similar to that of Ichnofacies 1,
but it appears to combine features of both
Nereites and Zoophycos ichnofacies, with
some simple sediment surface traces more
characteristic of a Nereites ichnofacies,
accompanied by a few complex, deep-
penetrating burrow systems (e.g. large
Chondrites; Fig. 3B). Ichnofacies 2 is,
therefore, considered to represent a grada-
tional subenvironment between those de-
scribed for the Nereites and Zoophycos
ichnofacies—most likely characterizing epi-
sodic sedimentation represented by rela-
tively thin to very thin turbiditic beds.
Ichnofacies 3 is dominated by Planolites,
with rare facies-crossing trace fossil forms
such as Laevicyclus and Aulichnites. It is,
therefore, best interpreted as representing a
gradational subenvironment with consider-
able variation in energy across sediment
surfaces and between flow events. We
interpret this subenvironment to have
been most likely located in a relatively
high-energy distributary channel near the
distal end of the submarine fan system
(Fig. 4). This interpretation is also corro-
borated by the close link between the
ichnofacies and a selective range of litho-
facies associations (FA 4 to 8; see Table 1
for details) that are suggestive of a relatively
high energy channel environment frequently
influenced by high-density turbidity to
debris flows.
Systematic ichnology
Aulichnites parkerensis Fenton & Fenton,
1937 (Fig. 5C–E)
Material. More than 10 specimens observed
in the field.
Description. Gently curved trail with convex
epirelief having a median furrow and
bilobate upper surface, 0.4 – 0.5 cm wide
and 14 cm long.
Comments. Aulichnites is considered a re-
pichnia or pascichnia on the sediment surface
produced by a gastropod (Yang et al. 2004).
Aulichnites differs from Didymaulichnus
Young, 1972 in that the former is an epirelief
with no outer margin, whereas the latter is a
hyporelief with a wide outer margin.
Chondrites intricatus Brongniart, 1823 (Fig.
6C–E)
Material. More than eight specimens were
observed in the field, three collected for
detailed laboratory study.
Description. A system of tree-like branching
burrows (2 – 3 orders), its downward pene-
trating pattern is parallel or oblique to
stratification and normally does not inter-
penetrate, preserved in convex or concave
epirelief. Burrow diameters and bifurcation
angles remain essentially constant within a
given system, but vary between different
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systems, with burrow diameters ranging
from 0.1 to 0.2 cm and branching angles
varying from 258 to 508. Burrow-fill is
structureless, finer-grained sandstone or
siltstone, lighter or deeper in colour com-
pared with that of the host rock.
Comments. Although only one Chondrites
species is recognized here, there is notable
variation in size between the specimens.
Chondrites have, therefore, been separated
into large and small types. Small forms of
Chondrites (e.g. Fig. 6E) are best preserved
as negative epireliefs on sandstone surfaces;
they range from an organized arrangement
of vertical shafts to visible branching net-
works connected to a single shaft. Indivi-
dual shafts are straight, with a consistent
diameter (usually 51 mm) and smooth
walls, and run oblique to perpendicular to
the bedding plane. The diameter of the
entire network does not exceed 3 cm at its
broadest point. Large forms of Chondrites
are preserved as positive epireliefs (Fig. 6C,
D). They are similar in morphology to the
small Chondrites, but the individual shafts
are much coarser, reaching 3 mm in dia-
meter, and the entire branching network
could reach 10 cm in diameter. Several such
large forms of Chondrites have been ob-
served on the linguoid-rippled upper sur-
faces of sandstone beds in FA9 at the top of
the Boulevard section (Figs 6C–D), where
other traces are rare.
Gyrochorte sp. cf. G. comosa Heer, 1865
(Fig. 5F)
Material. Three specimens observed in the
field, one collected for detailed study (here
figured).
Description. Horizontal, straight or curved
burrows preserved in epirelief on the sur-
face of fine-grained sandstones, with bise-
rially arranged, obliquely aligned,
transverse plaits separated by a median
furrow, 0.3 – 0.4 cm wide. Transverse
segmentation, with six to eight segments
per cm running along the length of the
burrow. The angle between the segment
and the median groove ranges from 308
to 458.
Comments. The features of this taxon
favour an interpretation as a trace produced
by a deposit-feeding, worm-like organism
moving obliquely through the sediment
(Christopher et al. 1998). Gyrochorte sp.
cf. G. comosa is characterized by obliquely
aligned, transverse plaits that differ from the
structure of Gyrochorte transversa (Yang
et al. 2004), in which the plaits are
perpendicular to the median furrow.
Helminthoidichnites tenuis Fitch, 1850 (Fig.
6A, B)
Material. Numerous (more than 30) traces
were observed in the field.
Description. Curved, horizontal, smooth,
unbranched burrows preserved as negative
epirelief on the surfaces of asymmetric
ripple marks. Burrows commonly cross-cut
each other, but only rarely does the same
burrow cross its previous path. Burrow
diameters within a given system remain
essentially constant, ranging from 0.1 to
0.2 cm.
Comments. Helminthoidichnites tenuis Fitch,
1850 was placed by Ha¨ntzschel (1975) in
Fig. 5. A, Photo of one part of the studied strata at Dights Falls section showing repetitive sandstone and mudrock
(debris flow and turbidite) packages. B–J, Trace fossils from the Dights Falls sections. B, ?Lorenzinia isp., C–E,
Aulichnites parkerensis Fenton & Fenton and Helminthoidichnites tenuis Fitch; F, Gyrochorte sp. cf. G. comosa Heer;
G, Nereites biserialis Seilacher; H, Helminthopsis hieroglyphica Heer and Laevicyclus mongraensis Verma; I,
Teichichnus rectus Seilacher; J, Helminthopsis isp.
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Fig. 6. Trace fossils from the study site. A–B, Helminthoidichnites tenuis Fitch (arrowed); C–D, large form of
Chondrites intricatus Brongniart; E, small form of Chondrites intricatus Brongniart and Helminthoidichnites tenuis
Fitch (arrowed); F, Planolites annularius Walcott (arrowed).
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Gordia Emmons, but Hofmann & Patel
(1989) maintained it as a separate genus
on the basis that Helminthoidichnites typi-
cally does not possess crossings of the same
burrow, a feature now considered diagnos-
tic of Gordia. According to Hofmann
(1990), Helminthoidichnites is characterized
by a random movement-pattern, whereas
the type species of Gordia, G. marina, has
segments of non-random behaviour. How-
ever, Hofmann did consider that the two
may be end-members in a continuous
spectrum. Helminthoidichnites differs from
Helminthopsis Heer in Maillard, 1887, in
possessing less winding and less systematic
meandering (Hofmann & Patel 1989).
Narbonne & Aitken (1990) also suggested
the presence of level crossings as a distinc-
tive feature of Helminthopsis. The Studley
Park specimens are very similar to
Helminthoidichnites tenuis Fitch described
by Buatois & Ma´ngano (2003) from
the Lower Cambrian deep-sea strata of
northwestern Argentina, the latter con-
sisting of horizontal, curved to straight
trails, 0.2 – 1.7 mm wide and up to
88.9 mm long.
Helminthopsis hieroglyphica Heer in Mail-
lard, 1887 (Fig. 5H, J)
Material. More than five specimens ob-
served in the field.
Description. Unbranched, irregularly wind-
ing or meandering, unlined, horizontal
burrows that do not touch or cross them-
selves, preserved as smooth convex epirelief
on bedding surfaces. They are characterized
by alternating winding and more or less
straight courses or box-like hieroglyphic
meanders. Material in the burrows is struc-
tureless but different from the surrounding
sediment in colour; burrow 0.1 – 0.2 cm in
diameter and 10.0 cm long. Burrow dia-
meters within a given system remain essen-
tially constant.
Comments. This trace strongly resembles
Helminthopsis hieroglyphica described by
Ksia _zkiewicz (1977) in its alternation of
winding and more or less straight courses
or box-like hieroglyphic meanders. The
species occurs mainly in flysch deposits
(Ksia _zkiewicz 1977, Gong 1999).
Laevicyclus mongraensis Verma, 1970 (Fig.
5H)
Material. Eight specimens observed in the
field.
Description. Short, vertical or near-vertical,
cylindrical burrow groups preserved in con-
vex epirelief on bedding planes of fine-
grained sandstone. Individual burrows are
concentric around a central shaft; burrows
0.4 – 0.6 cm in diameter and about 0.5 cm
high, central shaft 1.0 – 2.0 cm in diameter.
Burrow-fillings are structureless and usually
slightly coarser than the surrounding fine-
grained sandstone.
Comments. Laevicyclus usually occurs verti-
cally to subvertically in groups on the tops
and soles of beds in both shallow water
(Gong 1988) and deep-water (Pienkowski &
Westfalewicz-Mogilska 1986, Leszczyn´ski &
Seilacher 1991, Gong 1994, 1999) environ-
ments, which may indicate that it is an
opportunistic and facies-crossing trace
with a suspension-feeding and domichnia
function.
?Lorenzinia isp. (Fig. 5B)
Material. Two specimens observed, both
poorly preserved.
Description. Simple, smooth epichnial
ridges, arranged in a single plane, radiating
from an oval central area. The ridges are
very similar in shape, distribution and
fillings; each ridge is about 0.3 – 0.4 cm in
diameter and more than 5.0 cm long.
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At least five radiating ridges can be seen on
the figured specimen.
Comments. Only two specimens were ob-
served in the field, both poorly preserved
due to strong weathering, hampering certain
identification at generic level. However, the
radiating pattern of the ridges apparently
from a circular central area is comparable
with Lorenzinia or an allied form belonging
to the ‘Lorenzinia group’ (term of Uchman
1995) form.
Nereites biserialis Seilacher, 1960 (Fig. 5G)
Material. Three specimens were observed in
the field.
Description. Winding to meandering, hor-
izontal traces, consisting of medial back-
filled trails each enveloped by two lobate
zones of pustules (reworked sediment).
Individual pustules are variably impressed
and of variable diameters, round to ovoid, or
chevron-like in part, in some cases adjacent
pustules partially overlap. The trail is 0.5 –
0.8 cm wide.
Comments. Nereites comprises a wide
range of winding to meandering traces
consisting of an actively filled tunnel
enveloped by a halo of reworked sedi-
ment. Specifically, Nereites biserialis is
characterized by unbranched horizontal
trails consisting of a medial back-filled
trail enveloped by two lobate zones of
pustules (reworked sediment). The trace-
maker responsible for Nereites biserialis
appears to have been guided chemotacti-
cally as they maintain a consistent
distance relative to the redox boundary.
The transition from oxic to anoxic condi-
tions is characterized by high concentra-
tions of microbial biomass, on which the
Nereites producers are inferred to have
fed. Thus, the Nereites tier in its fossil
ichnofabrics, especially in turbidite
sequences (flysch), may reflect the position
of the redox boundary (Wetzel 2002).
Planolites annulariusWalcott, 1890 (Fig. 6F)
Material. Numerous specimens (more than
20 individual traces) were observed, all from
the sole surfaces of sandstone beds, usually
poorly or incompletely preserved.
Description. Horizontal, straight to curved,
unbranched, unlined, cylindrical burrows,
0.3 cm wide by 2.0 – 3.0 cm long, preserved
in convex epirelief on the sole of fine-
grained sandstone beds. Burrow surfaces
are covered by annulations 0.3 cm thick by
0.3 cm wide. The lithology of the burrow-fill
sediment is slightly coarser than that of the
host rock.
Comments. Unlike Palaeophycus, the bur-
rows of Planolites are unlined and are
usually filled by sediment that differs from
the host rock (Stanley & Pickerill 1994).
Planolites annularius can be readily distin-
guished from other ichnospecies of Plano-
lites by possessing obviously annulated
structures (Pemberton & Frey 1982).
Teichichnus rectus Seilacher, 1955 (Fig. 5I)
Material. Two specimens observed in the
field.
Description. Smooth, unbranched, straight
to slightly curved burrows, parallel or
slightly oblique to stratification, stacked
gutter-shaped laminas forming low wall-like
structures, preserved in endorelief in the
vertical section of fine-grained sandstone
with parallel-laminations. The burrows are
0.5 – 1.5 cm high, 0.3 – 0.5 cm wide, 1.0 –
2.5 cm long. The burrow-fill is different
from the host rock in colour.
Comments. The burrows are considered to
represent structures derived from continual
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upward-shifting by a deposit feeder
(Seilacher 1955).
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